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Background: The abnormal synergy seen in patients after stroke is considered to limit the ability of these patients.
However, in the lower extremity, antigravity torque generation rather than precise movement is needed for
functions such as sit-to-stand movement and gait. Therefore, the ability to generate torque may be important either
as a primary movement or as an abnormal synergy. We attempted to quantify the torque generation in the lower
limb, selectively and as an abnormal synergy, and its relation with gait.
Methods: Selectively generated plantar flexion torque in the ankle and plantar flexion torque secondarily
generated accompanying maximal hip extension (i.e., torque generated with abnormal synergy) were measured in
subjects after stroke and control subjects. In subjects after stroke, secondary torque generation while controlling hip
extension torque as 25%, 50%, and 75% of the maximal hip extension was also measured. The relation of torque
generation with the gait speed and timed-up-and go test (TUG) was also analyzed.
Results: In subjects after stroke, there was no difference between the amount of plantar flexion torque generated
secondarily and the selectively generated torque, whereas the selective torque was significantly greater in control
subjects. Pearson product–moment correlation coefficient analysis revealed that TUG speed is related to secondarily
generated torque accompanying maximal hip extension but not with selectively generated torque.
Conclusion: Secondarily generated torque was found to be a factor that affects TUG speed, and the ability to
generate torque even through abnormal synergy may help for gait ability in subjects after stroke.
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After stroke, many patients experience motor impair-
ments [1] that cause gait deficits [2-7]. The ability to
perform activities of daily living depends on gait ability
[2]. Therefore, it is important to understand the relation
between impairment and gait deficit in patients after
stroke.
Abnormal synergy is a motor impairment in patients
after stroke [8,9]. Some patients lose independent con-
trol of selected muscle groups, resulting in coupled joint
movements that are often inappropriate for the desired
task. These coupled movements are known as abnormal* Correspondence: sakuma.kaoru.27u@st.kyoto-u.ac.jp
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unless otherwise stated.synergy. For the lower limb, abnormal synergy is grouped
into extension synergy (internal rotation, adduction, and
extension of the hip; extension of the knee; and extension
and inversion of the ankle) and flexion synergy (external
rotation, abduction, and flexion of the hip; flexion of the
knee; and flexion and eversion of the ankle) [9]. Abnormal
synergy has been recognized as a factor limiting the motor
rehabilitation of patients after stroke [10-14]. Studies
measuring the relative phase in stroke patients have
shown that patients after stroke differ from normal sub-
jects in intra- [15-17] and inter-limb [18] coordination of
the lower limb. Difference in kinematics is also seen in
stroke subjects [19]. Many patients recover gait activity
with compensatory adaptation [19-22]. A previous study
showed that the Fugl-Meyer synergy score was signifi-
cantly correlated with gait speed [23]. It was also found
that attempts to make gait patterns resemble those of
neurologically healthy adults by using Lokomat or al Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,





Age (years) 51.1 ± 10.7 51.1 ± 9.6
Sex (n): M/F 8/3 13/0
Height (cm) 164.5 ± 7.4 169.0 ± 6.3
Weight (kg) 60.3 ± 8.7 67.6 ± 10.9
B.R.S. (n): III/IV/V/VI 2/4/3/2
Time since onset (months) 90.7 ± 79.9
Paretic side (n): R/L 7/4
F, female; M, male.
R, right; L, left.
Values are presented as means ± standard deviation (SD), unless
otherwise indicated.
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normal synergy [24,25]. The ability to exert lower-limb
muscle torque is important for gait [3,6,26,27]. By quanti-
tatively assessing the abnormal synergy in the lower limb
by measuring the torque exerted as abnormal synergy, and
then investigating its relation with gait ability, we may be
able to gain insight into the relation between abnormal
synergy and gait ability. In a study quantifying the upper-
limb abnormal synergy in patients after stroke, Dewald
et al. [28,29] measured the joint torque that the subjects
were attempting to maximize as the primary torque and
the torques at other directions as secondary torques, along
with electromyographic (EMG) measurements during vol-
untary isometric muscle contractions. They found that pa-
tients after stroke had significantly decreased maximum
voluntary torque compared with the control subjects, and
that the patients exhibited reductions in maximum tor-
ques when required to control the secondary torque
[28,29]. Patients after stroke could not generate voluntary
torque selectively without generating torque in other
joints. Other studies that applied a similar method to the
lower limb [13,14] suggested that the primary contributor
to lower-limb motor deficits was the weakness of volun-
tary torque rather than the value of abnormal synergy.
Patients after stroke lack the ability to selectively gen-
erate voluntary torque without generating joint torque
in other directions and in other joints both in the upper
and lower limbs. We hypothesized that abnormal syn-
ergy in the lower limb may compensate for the weakness
of agonist muscle in patients after stroke. Furthermore,
we hypothesized that if the previous hypothesis is cor-
rect, a relation between abnormal synergy of the lower
limb and gait would also be observed. However, the rela-
tion between of the lower limb and gait has not yet been
clarified.
To study the abnormal synergy of the lower limb and its
relation with gait, we measured the ankle joint torque gen-
erated secondarily during maximum voluntary isometric
hip extension (secondary torque, STo) and the maximum
voluntary ankle plantar flexion torque primarily generated
without hip extension torque generation (primary torque,
PTo). Then, we investigated whether PTo and STo are re-
lated to the gait speed or TUG in patients after stroke.
Methods
Subjects
Eleven subjects after stroke and 13 control subjects par-
ticipated in this study. The characteristics of the subjects
are summarized in Table 1.
The subjects were recruited in the community through
convenience sampling. The subjects after stroke satisfied
the following criteria: (i) hemiparesis resulting from a uni-
lateral cortical or sub-cortical brain lesion; (ii) >6 months
since onset; and (iii) able to walk in the community. Theexclusion criteria for the subjects after stroke were as
follows: (i) history of other neurologic, respiratory, cardio-
vascular, or orthopedic problems that influence their
participation in the study; (ii) brainstem or cerebellar le-
sions; and (iii) inability to provide informed consent. Con-
trol subjects with similar age to the subjects after stroke
were recruited. Control subjects were excluded if they had
neurologic, respiratory, cardiovascular, or orthopedic
problems. All subjects provided informed consent before
participation in this study. This study was approved by the
institutional review board of Kyoto University.
Primary torque and secondary torque
A schematic of the test set-up is shown in Figure 1.
Measurements were taken for all subjects in the supine
position (hip extension angle of 0°, knee extension angle
of 0°, and ankle dorsiflexion angle of 0°). The measured
side was the paretic lower limb for subjects after stroke
and the right limb for control subjects.
For recording the PTo and STo, an originally devel-
oped orthosis-type device with a load cell that could
measure the ankle plantar flexion torque (Gait Solution
Design; Kawamura Gishi, Osaka, Japan [30]) was used. A
load cell was inserted above the hydraulic cylinder in the
oil damper unit. Upon the generation of the plantar
flexion torque by the subject, the hydraulic cylinder
pushed the load cell as a counterforce; the counterforce,
which reflects the planter flexion torque, was numeric-
ally indicated in a personal computer linked the device
[30]. For recording the hip extension torque, a handheld
dynamometer (μ-tas F-1; ANIMA Corp., Tokyo, Japan)
was used. The subject’s foot was attached to the
orthosis-type device and the thigh was attached to the
handheld dynamometer. The PTo and the STo during
maximum voluntary hip extension torque were each
measured once in both the control subjects and the sub-
jects after stroke. The subjects started in a relaxed state
and slowly increased the torque generation to the max-
imum level, which was held for approximately 3 s.
Figure 1 Schematic of the test setup. The subject was placed in the supine position. The subject’s foot was attached to the orthosis-type device with
a load cell, and the thigh was attached to the handheld dynamometer. Upon the generation of the plantar flexion torque by the subject, the hydraulic
cylinder pushed the load cell as a counterforce. The counterforce, which reflects the plantar flexion torque, was numerically indicated in a personal
computer linked to the device.
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while controlling hip extension torque as 25%, 50%, and
75% of the maximal hip extension (25%STo, 50%STo, and
75%STo, respectively) was also measured in a random
order. The subjects were provided with visual feedback
about their exerted hip extension torque, measured using
the handheld dynamometer, to aid them in exerting a
force matching the target torque. The subjects practiced
two to three times until they could control their hip exten-
sion torque at the target value. The ankle plantar flexion
torque was measured once for each target torque for 3 s
where the generated hip extension torque matched the
target torque.
The plantar flexion torque collected in each trial was
computerized concurrently with the EMG data. The en-
semble ankle plantar flexion torque in the 500-ms win-
dow was normalized to body weight (Nm/kg).
The EMG recordings were collected by using the Tele-
myo 2400 T hardware (Noraxon USA Inc., Scottsdale,Arizona, USA; sampled at 1500 Hz, band-pass filter at
10-500 Hz). Bipolar surface electrodes (Blue Sensor;
Medicotest Inc., Olstykke, Denmark) with an interelec-
trode distance of 20 mm (center-to-center) were placed
on the muscle belly of the tibialis anterior, gastrocnemius
(on the lateral head), and soleus muscles. Electrode
placement on the tibialis anterior was at one-third on
the line 1–2 cm lateral to the tibia; the gastrocnemius,
at one-third on the line between the head of the fibula
and the heel; and the soleus, at one-half to two-third
on the line between the head of the medial condyles of
the femur and the tip of the medial malleolus. A
ground electrode was placed on the head of fibula. We
prepared the electrode locations by cleaning the sites
with alcohol wipes. The EMG data were smoothed by
using a root-mean-square algorithm over a 10-ms win-
dow, and the mean value for 1-s duration was taken
concurrently with the maximum ankle plantar flexion
torque generation.
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The 10-m gait speed and TUG were measured in the
subjects after stroke. In the 10-m gait test and TUG, the
subjects wore an ankle foot orthosis that allowed ankle
movement; however, they did not use a cane or any
other walking aids. For recording the gait speed, the sub-
jects after stroke were asked to perform gait trials twice
at their preferred speed. The gait speed (m/s) was calcu-
lated from the mean of the 10-m gait time data. For
recording the TUG, the time taken to stand up from a
seated position, walk forward for 3 m, walk back, and
then return to the seated position was measured once.
Data analysis
One of the characteristics of abnormal synergy recog-
nized as the limiting factors for the motor rehabilitation
was that abnormal synergy becomes more prominent
when the subjects attempt to generate higher joint tor-
ques [8,9]. To assess whether these characteristics is
reflected in the 25%STo, 50%STo, 75%STo, and STo,
repeated-measures analysis of variance was used to
analyze the effect of the exertion condition of hip exten-
sion on the ankle plantar flexion torque. Tukey’s testFigure 2 Correspondence of secondary plantar flexion torque with perc
denotes statistical significance between conditions (p < 0.05). The figure indica
when exerting the hip extension torque at 25%, 50%, 75%, and 100% of the m
condition. The secondarily generated plantar flexion torque (STo) correspondi
higher than the 25%STo, and the 100% (STo) was higher than the 75%STo, 50was used to examine the subsequent planned compari-
sons between each exertion condition.
Second, two-factor analyses of variance and t-test were
used to analyze the difference between the group factor
(subjects after stroke and control) and the exertion con-
dition factor (PTo and STo) in the plantar flexion
torque. The t test was used to analyze the difference be-
tween PTo and STo on EMG.
Finally, Pearson product–moment correlation coeffi-
cient was used to assess the relation between the gait
speed or TUG and PTo or STo. Then, stepwise multiple
linear regression analysis was used to assess the influ-
ence of PTo and STo on gait speed or TUG.
A significance level of 0.05 was used for all comparisons.
Results
Relation between secondary torque generation and
percent hip extension torque in the subjects after stroke
The correspondence of secondary plantar flexion torque
with percent hip extension torque is summarized in
Figure 2. There was a significant main effect of exertion
condition (p < 0.01). The 50%STo was higher than the
25%STo, and the STo was higher than the 75%STo.ent hip extension torque in subjects after stroke. An asterisk (*)
tes the plantar flexion torque (standardized by body weight) generated
aximal hip extension. There was a significant main effect of exertion
ng to 50% of the maximum voluntary hip extension torque (50%STo) was
%STo, and 25%STo. The 75%STo was higher than the 25%STo.
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the subjects after stroke and the control group
Interaction effects were found between the group factor
and the exertion condition factor (p < 0.01). The subjects
after stroke (0.1 ± 0.1) showed lower values than the con-
trols in the PTo (0.6 ± 0.4, p < 0.05), but not in the STo
(subjects after stroke, 0.2 ± 0.2; controls, 0.2 ± 0.2). The
PTo was significantly higher than the STo in the control
group (p < 0.01) but not in the subjects after stroke.
The EMG data during PTo and STo are summarized in
Figure 3. The gastrocnemius and soleus activities during
PTo were higher than those during STo in the control
group but not in the subjects after stroke. The tibialis an-
terior activity during the STo was higher than during PTo
in the subjects after stroke but not in the control group.
Gait
There were no relation between gait speed and the PTo
(r = 0.4) or the STo (r = 0.5). There was a significant rela-
tion between TUG and the STo (r = 0.7) but not between
TUG and the PTo (r = 0.5). Stepwise analysis revealed
that the STo was a determinant of TUG (R2 = 0.5).
Discussion
The results of this study revealed that in subjects after
stroke, the increase in the percentage of maximum hip
extension torque generated by the subjects increased the
%STo. The subjects after stroke exhibited lower torque
than the control group in the PTo but not in the STo.
The PTo was significantly higher than the STo in theFigure 3 Electromyography activity during primary torque and secon
between conditions (**; p < 0.01, *; p < 0.05). A, In the control group, the g
during STo. B, In subjects after stroke, the tibialis anterior activity during STcontrol group but not in the subjects after stroke. Our
hypothesis was supported by the observation that there
is a correlation between TUG and the STo in the sub-
jects after stroke, and the principal finding of this study
is that the STo was the determinant of TUG, as revealed
by stepwise analysis. This is the first study that quantita-
tively demonstrated the inability to selectively generate
voluntary torque in the lower limb, and showed that
STo affects TUG in patients after stroke.
Relation between secondary torque generation and
percent hip extension torque in the subjects after stroke
Controlling agonist activity is a fundamental function
required in activities of daily living. Therefore, in this
study, we chose a task that requires generating a certain
percentage of maximum voluntary torque. The subjects
after stroke showed explicit increase in the %STo as the
percentage of required hip extension increased, which is
consistent with the characteristics of abnormal synergy de-
scribed in previous studies [8,9]. Therefore, the STo mea-
sured in this study is considered to reflect the feature of
abnormal synergy.
Characteristics of primary torque and secondary torque in
the subjects after stroke and the control group
In a previous study that measured the secondary torque in
the ankle joint during maximum voluntary hip extension
in both controls and subjects after stroke, the secondary
torque was seen in both groups and no differences were
found in the rate of the secondary torque to maximumdary torque generation. An asterisk denotes statistical significance
astrocnemius and soleus activities during PTo were higher than those
o was higher than that during PTo.
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[13]. Similarly in this study, there were concurrent ankle
plantar flexion torques measured as the STo during the
generation of the maximum voluntary hip extension
torque in both the controls and the subjects after stroke,
and there were no differences between the controls and
subjects after stroke in the STo torque normalized to body
weight. In the current study, the control group could
generate considerably higher PTo than STo, whereas the
subjects after stroke could only generate PTo torque
equivalent to their STo torque. Moreover, the gastrocne-
mius and the soleus, which are the agonist muscles in
ankle plantar flexion, were more activated during STo
than during PTo in the subjects after stroke; the opposite
was observed in the controls. This is probably due to the
disorganization of motor unit recruitment, rate modula-
tion patterns [31,32], antagonist muscle weakness [33],
and the abnormal corticospinal responses [34-36] that
might affect the contribution of agonist activity to the vol-
untary torque seen in the subjects after stroke. It should
also be noted that the tibialis anterior muscle activity dur-
ing STo was higher than that during PTo in the subjects
after stroke. The co-activation of the antagonist muscle,
i.e., the tibialis anterior muscle might have inhibited the
generation of plantar flexion torque as STo. However, the
gastrocnemius and soleus activities during STo were not
higher than those during PTo. Therefore, we conclude
that the tibialis anterior muscle activity did not affect the
results of this study. In the subjects after stroke, because
of the inability to selectively activate the agonist muscle,
the STo becomes relatively higher than the PTo.
Correlation with gait ability
The stepwise analysis revealed that the STo, and not
the PTo, was the determinant of TUG. Although there
was no significant relation between the STo and gait
speed, the correlation coefficient was high. Therefore,
we consider that there might be a relation between the
STo and gait ability. In previous studies, the relation
between the Brunnstrom recovery stage [19] or the
Fugl-Meyer assessment [23] and gait speed was re-
ported. However, because these clinical assessments
evaluated both recovery from abnormal synergy and
improvement of voluntary movement, it was unclear
whether abnormal synergy or voluntary movement was
related to gait speed. In this study, by quantifying the
abnormal synergy measuring the joint torque, the rela-
tion between abnormal synergy and gait was revealed
for the first time, showing that STo was the determinant
of TUG. On the other hand, a previous study showed that
the paretic ankle plantar flexion torque was correlated
with gait speed in the patients after stroke [27]. We con-
sider that because TUG consists not only of gait but also
of sit-to-stand movement, which requires a large torque[37,38], abnormal synergy might be a related factor. Our
results suggest that in subjects after stroke, STo might be
adopted to compensate for the inability to generate the
voluntary torque during gait.
Limitation
Three limitations of this study need to be mentioned.
First, the PTo and STo measured in this study might be
affected by other factors such as co-activation and spasti-
city. Nevertheless, we could at least assess one aspect of
abnormal synergy quantitatively as the joint torque gener-
ated concurrently with the intended voluntary torque.
Second, the subjects after stroke recruited in our study
were community-dwelling, able to walk. Therefore, our
results may not be applicable to patients in a more se-
vere condition after stroke who are unable to live in the
community or have greater disability in gait.
Finally, this study did not evaluate abnormal synergy
during gait, or the relation of abnormal synergy with
each element in gait. Therefore, the influence of abnor-
mal synergy on each factor in gait remains unknown.
Conclusion
We found that the amount of secondarily generated plan-
tar flexion torque (STo) was as large as the selectively gen-
erated plantar flexion torque (PTo), and that the STo was
negatively correlated to TUG speed. This suggests that
torque generation as abnormal synergy may help for pa-
tients after stroke who cannot sufficiently generate select-
ive torque.
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